Summary
Introduction
The cerebellum is an important contributor to central nervous control of motor behaviour. Although its role is well documented by the clinical deficits associated with brain disorders affecting cerebellar function, human lesion studies (Holmes, 1917) failed to identify distinct representations for different motor acts. Even with the advent of modern neuroimaging techniques such as PET (Fox et ai, 1985; Colebatch et al., 1991) and gradient-echo MRI (Cuenod et al., 1993; Ellermann et al., 1994 ) the issue has only partly been addressed as cerebellar involvement was mainly studied in relation to finger and hand movements.
The purpose of this work was to examine whether the cerebellar representation of motor acts performed by different body parts is distinct and orderly. We focused on the anterior lobe of the cerebellum and used simple self-paced motor paradigms such as unilateral extension and flexion of hand and foot, as well as rapid alternating tongue movements.
Assessment of task-related activation by functional mapping © Oxford University Press 1996
was based on high-resolution MRI (Frahm et al., 1993) specifically sensitized to changes in CBO (Frahm et al., 1994) . The underlying physiological mechanism is that functional activation increases local blood flow without a corresponding rise in oxygen consumption (Fox and Raichle, 1986) . The concomitant decrease of paramagnetic deoxyhaemoglobin in activated foci may be detected as an increase of gradientecho MRI signals (Ogawa et al., 1990) , a technique known widely as 'BOLD', or blood oxygenation level dependent contrast. For the MRI sequence used here, this understanding has been confirmed by simultaneous recordings using CBOsensitive MRI and near-infrared optical spectroscopy (Obrig et ai, 1994) .
Methods and subjects
We investigated eight healthy, right-handed volunteers (four men and four women, mean age 28 years, range 23-32 years) who had no history of neurological illness. All gave their written informed consent and the study was approved by the local ethical committee. All studies were conducted at 2.0-T (Siemens Magnetom SP4000) using the standard imaging headcoil and radio-frequency-spoiled fast low angle shot MRI sequences. Three to four sections parallel to the tentorium were selected from three-dimensional T,-weighted images (TR/TE/flip angle = 15 ms/6 ms/20°, 32 partitions, 4 mm slice thickness) to cover the anterior lobe of the cerebellum as indicated in Fig. 1 . Delineation of anatomy and macrovasculature of pertinent sections was further improved by single-slice flow-sensitized MRI (TR/ TE/flip angle = 70.313 ms/7.5 ms/60°, 4 mm slice thickness, 200 mm field-of-view).
Functional recording was based on dynamic acquisition of CBO-sensitive images (TR/TE/flip angle = 62.5 ms/ 30 ms/10°, measuring time 6 s, slice thickness 4 mm, in plane resolution 0.78X1.56 mm 2 interpolated to 0.78X 0.78 mm 2 during image reconstruction) as described previously (Frahm et al., 1993 (Frahm et al., , 1994 . Each dynamic series comprised six cycles of task performance (18 s) and rest (36 s). Subjects were instructed to extend and flex hand or foot at wrist or ankle unilaterally with a frequency of ~2 Hz. In the tongue task, rapidly alternating horizontal movements were performed. During the MRI examination, task execution was triggered by tactile or photic signals and, for the limbs, controlled by on-line video-monitoring. Subjects wore ear plugs and had their heads positioned in a cap which was evacuated to immobilize the head comfortably in an individually moulded shape.
Activation was evaluated from dynamic MRI series by correlating the signal intensity course of each pixel with a box-car reference waveform shifted by one image (6 s) relative to the periodic stimulation protocol to account for haemodynamic latencies and rise times. Spatial filtering replaced each pixel (0.61 mm 2 ) by a 3x3-weighted mean with its neighbours. Individual statistical analysis of resulting correlation maps included a rescaling of correlation coefficients to the percentile rank of the integral of an inferred distribution of 'correlational noise' (Kleinschmidt et al., 1995a) . Thresholding was performed at a 99.95 percentile rank equivalent to an overall error probability of 0.05% yielding maximally 15 false positive pixels. A subsequent iterative neighbourhood analysis incorporated pixels exceeding the 95.0 percentile rank into the primary foci. Admitted pixels were colour-coded and superimposed onto the corresponding flow-sensitized anatomical image.
Results
All subjects showed task-related increases of MRI signal intensities within the ipsilateral cerebellum. Figure 1 shows activation maps from a representative case for four contiguous sections covering the anterior lobe. Performing the hand task, the centre of activation was located mainly in the ipsilateral intermediate part of the lateral extension of the culmen, Larsell lobules H IV-V (eight out of eight subjects). Foot movements resulted in ipsilateral activation within the central lobule, Larsell lobules II-III, in all but one subject who presented an identical activation pattern not achieving the preset significance level. In all cases, the area activated by foot movements was smaller and located anterior and medial relative to the hand area. Additional examples of cerebellar hand activation in a different subject are shown in Fig. 2 for the most cranial and caudal section. In this case a bilateral representation of unilateral foot movements in the anterior lobe was detected in the most caudal section.
To exclude any bias from the actual motor task on the localization of hand and foot movements and to address within-limb somatotopy, control tasks compared different movement types confined to the upper limbs. Figure 3 shows cerebellar activations associated with the extension and flexion of the right wrist in comparison to foci elicited by (proximal) triangular arm movements or (distal) sequential finger opposition of the right hand. All paradigms resulted in significant activation within the same region of the anterior lobe.
Tongue movements produced significant activation in three out of five subjects tested. As shown in Fig. 4 the areas activated were located posterior to the hand area, mostly at the posterior border of the anterior lobe. Surprisingly, tongue representation was found strictly unilateral despite 'bilateral' performance, two subjects showing left and one right hemispheric activation.
The degree of signal intensity change in dynamic MRI recordings elicited by the different motor tasks is illustrated by examples in Fig. 5 . The data originate from regions-ofinterest within activation foci in the anterior cerebellum found for hand, foot and tongue movements. Table 1 summarizes peak correlation coefficients within significantly activated regions for all subjects and tasks. As for spatial extent, alternating foot movements resulted in a small spotlike activation pattern in all subjects, whereas the pattern found for hand movements, and in one case also for tongue movements, consisted of medio-lateral bands sometimes spanning the course of individual folia. As far as detectable by current volume coverage, scattered ipsi-as well as bilateral activation was detected within the posterior lobe and vermis in four out of eight subjects performing the hand task and in six out of eight performing the foot task.
Discussion
Accurate localization of functional activation underlying hand, foot and tongue movements was achieved in the anterior cerebellar lobe of individual subjects by CBOsensitive MRI at high spatial resolution. These findings strengthen the view of a somatotopic component in the organization of the anterior lobe of human cerebellum. 
Hand area
In general, cerebellar hand representation in the ipsilateral anterior lobe is in line with previous electrophysiological studies demonstrating activation of single Purkinje cells within lobules H IV-V during arm movements in trained monkeys (Brooks and Thach, 1981) . These findings are also in qualitative agreement with neuroimaging by PET (Fox et al., 1985; Golebatch et al., 1991) and, more recently, functional MRI (Bates et al, 1993; Cuenod et al., 1993; Ellermann et al., 1994) . The present study refined previous definitions of the activation patterns for hand movements in showing their predominantly medio-lateral distribution along the individual folia. This pattern of activation corresponds to the orientation of the parallel fibres in the cerebellar cortex that link Purkinje cells into long medio-laterally oriented beams which in turn project to the cerebellar nuclei (Thach etal., 1992) .
Foot area
Foot movements resulted in ipsilateral activation within the central lobule, Larsell lobules II-III. This agrees with electrophysiological studies in animals (Hampson et al., 1946; Snider and Eldred, 1952) . To our knowledge, no previous neuroimaging data are available describing the localization of foot movements within the human cerebellum. However, it is known that degeneration of the anterior part of the_ante_rior lobe in patients with chronic alcoholism and malnutrition causes ataxia of the lower limb (Victor et al., 1959; Diener et al., 1984) . This part of the cerebellum corresponds to the regions found here for the representation of foot movements or, more precisely, axially oriented movements of the lower limbs.
Tongue area
Cerebellar activation in response to rapid tongue movements was less constant than representation of alternating distal limb movements both in terms of subjects and site. The observed foci, however, were always located posterior and lateral to the hand area, mostly at the posterior border of the anterior lobe and, in part, extended into Larsell lobules H VI-VII. Again, the data are consistent with electrophysiological animal studies (Hampson et al., 1946; Snider and Eldred, 1952) where the area of face representation was found to be localized at the posterior rim of the anterior lobe plus simplex lobule. Moreover, in patients with cerebellar lesions and associated speech disorders the area of encroachment was described as the superior paravermal segment of the cerebellum corresponding to Larsell lobules H VI-VII (Lechtenberg and Gilman, 1978) which corresponds to the tongue area found here. The intersubject difference in lateralization of activation is net yet understood but could relate to unknown variables such as different performance strategies.
Somatotopic organization
The distinct representation sites found here correspond well to previously reported somatotopic organization of the cerebellar cortex. Although activation foci for upper and lower limbs were distinct and non-overlapping, this somatotopic component is not as precise as in primary motor cortex (Colebatch et al, 1991; Kleinschmidt et al, 1995ft) as evidenced by the lack of within-limb topic segregation. Even with formally equivalent tasks for upper and lower limbs, however, it must be borne in mind that these motor functions are embedded in different contexts such as reaching and grasping or posture and gait.
There are only a few studies explicitly addressing functional segregation in the human cerebellum. Within the spatial resolution achievable, PET investigations showed peak activation zones for finger movements to be located in the anterior superior cerebellum, whereas eye movements produced activation in the midsagittal cerebellar vermis posterior and medial to the finger areas (Fox et al., 1985) . Although recently, investigators have used MRI to study various tasks such as hand movements (Bates et al, 1993; Cuenod et al., 1993; Ellermann et al, 1994) and mastication (Buonocore et al., 1994) , they have not established somatotopic organization, as this would have required using different tasks within subjects.
It has been possible to detect in more detail in animal experiments a representation of the hindlimbs anteriorly, mainly in the central lobe and culmen, and of the forearms more posteriorly and lateral to the former in the culmen and simplex lobule. Face representation and eye movement control were located at the posterior limb of the anterior lobe in the simplex lobule and lobes H V-VII of the vermis (Hampson et al, 1946; Snider and Eldred, 1952) . Later anatomical, electrostimulation, and recording studies of the cerebellar climbing and mossy fibre input have revealed multiple either sagittally oriented or irregular patch-like functional representations of somatosensory input in the cerebellum [for reviews, see Bloedel and Courville (1981) and Ito (1984) ]. However, the encoding of somatosensory input and provide output by integrating information from the different sagittally organized zones which are interconnected along a mediolateral axis by parallel fibres. Beyond the speculations on the precise spatial implementation of somatotopy in cerebellar cortex, indirect evidence suggesting its presence comes from the observation that the cerebellar nuclei as the projection site are in themselves somatotopically arranged (Thach et al., 1992) . It seems reasonable that this pattern in the nuclei should also be found 'upstream' in the output areas of the cerebellar cortex.
Conclusion
In relation to electrophysiological work and beyond the pitfalls from species differences, functional neuroimaging by noninvasive MRI has the advantage of collecting data in a less artifactual 'functional' context, i.e. during voluntary performance of motor acts. The demonstration of a somatotopic component in the cerebellar representation of foot, hand and tongue movements is in general agreement with previous reports for a variety of mammalian species. The present findings support a cranio-caudal organization of large scale somatotopy in the anterior cerebellum without evidence for within-limb functional segregation. However, the observation that a precise somatotopic axis or field remained hard to define as well as electrophysiological results from animals suggest that cerebellar coding of motor behaviour of differing body parts is far more complex than by mere topic representation.
